In a previous study, dietary supplementation with arachidonic acid (ARA) to oysters Crassostrea gigas increased haemocyte numbers, phagocytosis, and production of reactive oxygen species level (ROS) by haemocytes (Delaporte et al., 2006) . To assess if the observed stimulation of these cellular responses resulted from changes of ARA-related prostaglandin (PG) production, we analysed prostaglandin E2 metabolite (PGEM) content on the same oysters fed three levels of ARA. Dietary supply of polyunsaturated fatty acids (PUFA) could also induce an oxidative stress that could similarly increase cellular responses; therefore, two indicators of oxidative stress were analysed: peroxidation level and antioxidant defence status. Together the observed positive correlation between ARA and PGEM levels and the absence of lipid peroxidation and antioxidant activity changes supports the hypothesis of an immune stimulation via PG synthesis. Although ARA proportion in oyster tissues increased by up to 7-fold in response to ARA dietary supplementation, peroxidation index did not change because of a compensatory decrease in n-3 fatty acid proportion, mainly 22:6n-3. To further confirm the involvement of PG in the changes of haemocyte count, phagocytosis and ROS production upon ARA supplementation, it would be interesting to test cyclooxygenase and lipooxygenase inhibitors in similar experiments.
Introduction
Altering the composition of phospholipids in immune cells by changing the fatty acids (FA) supplied in the diet can modulate cell immune function and immune response through membrane alterations (raft, order, trafficking), signal transduction pathways, and lipid mediators (e.g. eicosanoids) (Calder, 2008) . Eicosanoids are important lipid mediators in inflammation and healing in vertebrates. Eicosanoids include prostaglandins (PG), leukotrienes (LT), thromboxanes (TX), and lipoxins; they are derived from FA, principally ARA, which is released from membrane phospholipids (Pompéia et al., 2000) . In mammals, prostaglandin PGE2 and leukotriene LTB4 are two potent immunomodulatory agents produced from ARA by the enzymes cycloxygenase (COX) and 5-lipoxygenase (LOX), respectively (Kelley et al., 2005) . In insects, eicosanoids are also important mediators of cellular immune reactions such as phagocytosis, microaggregation, cell spreading, and nodulation reactions (Stanley and Miller, 2006; Merchant et al., 2008) . Canesi et al. (2002) demonstrated that eicosanoids are involved in bacterial killing by mussel (Mytilus edulis) hemocytes by using specific inhibitors of COX and LOX.
The relationship between eicosanoids' synthesis and antibacterial response of hemocytes has been demonstrated in bivalve molluscs (Canesi et al., 2002) . More recently, the ARA incorporation from diet in phospholipids, as well as their relation to an increase in immune responses: hemocyte number, phagocytic activity, reactive oxygen species (ROS) generation by hemocytes, desensibilization to pathogens (Delaporte et al., 2006) and prostaglandin E2 synthesis (Hurtado et al., 2009 ) has also been shown. Nevertheless, effects of FA on immune cell activity can also be independent of the changes in the secretion of eicosanoids (Kelley and Ruldoph, 2000) . ARA can directly modulate phagocytosis, cytokine production, surface molecule expression, leukocyte migration, and antigen pre 69 sentation through stimulation of superoxide anion generation (Pompéia et al., 2000) . Cellular enrichment with PUFA such as ARA has also been demonstrated to elicit in vitro an increase of ROS production and lipid peroxidation (Mazière et al., 1999) . The susceptibility of membranes to oxidative damage depends on the degree of polyunsaturation level of FA, measured as peroxidation index (Hulbert et al., 2007) . ARA can easily be peroxidized, generating free radicals such as the superoxide anion. Lipid peroxidation is a self propagating process and produces a broad range of reactive intermediates often measured as malondialdehyde (MDA), which has a longer half life than free radicals (Janero, 1990 ). However, ROS production and lipid peroxidation, generally referred to as "oxidative stress", may also be linked to prostaglandin synthesis from ARA, as it has been demonstrated in rat pheochromocytoma PC12 cells (Jiang et al., 2004) and human neuroblastoma cells (Kondo et al., 2001 ). All of the above studies suggest that ARA-derived prostaglandins may play an important role in regulation of immune responses including those in bivalve molluscs, such as increased hemocyte count, phagocytosis and ROS production previously reported (Delaporte et al., 2006) . From this perspective, antioxidant status of an organism is of critical significance in determining the effect of PUFA on immune and inflammatory responses (Kelley, 2001 ). To protect themselves against free radicals and ROS, bivalves like other organisms, possess an array of free radical scavenging antioxidant molecules and antioxidant enzymes like superoxide dismutase (SOD), catalase, and glutathione peroxidase (Manduzio et Cipak et al., 2008) , which can be expected to increase upon oxidative stress and/or lipid peroxidation, potentially induced by ARA incorporation into tissues. In this work, we analyzed PGE2 metabolite (PGEM) levels, antioxidant capacity, enzymatic activities of catalase and SOD and lipid peroxidation in relation to the ARA supplementation of diet in oysters. It aimed to test the hypothesis that changes of hemocyte counts, phagocytosis and ROS production upon ARA supplementation, as reported by Delaporte et al. (2006) involved prostaglandins.
Materials and methods

Oyster dietary treatments, sample collection and processing
One year old oyster Crassostrea gigas were collected from the field (Aber-Benoît, Finistère, Brittany) and fed Isochrysis galbana clone Tahitian (T.iso), during an acclimation period of 10 days. ARA was supplemented twice a day directly into the water. The daily algal ration was established at 4% algal dry weight per oyster dry weight and supplied continuously into the added to measure AChE activity which is determined spectrophotometrically at 415 nm with a 140 microplate reader (Bio-Tek Synergy HT, Bio-Tek Instrument, USA). Absorbance is proportional 141 to the amount of PGEM from the tracer bound to the well which is inversely proportional to free 142 PGEM from sample. Results are expressed in pg of PGEM per mg of tissue wet mass. Due to 143 the high levels of ARA in tissues in this experiment compared to measured levels of PG, the 144 cross reactivity was tested. The tests showed that 71% of free ARA and 64% of free EPA are 145 lost during the purification step, and cross-reactivity of ARA in the tissue at the concentration 146 
Fatty acid composition in phospholipids and lipid reserves 217
The fatty acids composition of oysters after 30 days treatment with three ARA concentrations is 218 shown in Table 1 . The proportion of 20:4n-6 in phospholipids and lipid reserves increased with 219 increasing levels of this fatty acid in oyster diet. The proportion of 20:4n-6 was higher in 220 phospholipids (membrane lipids) than neutral lipids (lipid reserves), reaching final concentration 221 of 9.2 % and 7.5 %, respectively, for the highest level of ARA in the diet. The increase of 20:4n-222 6 resulted in significant decreases (P<0.05) in other PUFA such as 18:3n-3 and 22:6n-3. These 223 relative changes in individual fatty acids following ARA supplementation led to a significant 224 increase (P<0.05) of total n-6 fatty acids and a decrease of total n-3 fatty acids, as well as the n-225 3/n-6 and 20:5n-3/20:4n-6 ratio. A slight, but significant increase (P<0.05) of total PUFA and 226 PUI in lipid reserves was observed for the highest ARA (0.41 µg/mL) treatment, whereas in 227 phospholipids this effect was observed for both levels of ARA supplementation. However, no 228 differences were observed in lipid peroxidation index. When expressed as absolute 229 concentration (µg/mg wet mass), 20:4n-6 increased 4 and 7 fold in lipid reserves and 2.8 and 4.4 230 fold in phospholipids for the 0.25 and 0.41 µg/mL treatments, respectively (Fig. 1) . 231 232
Prostaglandin levels and correlation with 20:4n-6 233
After 15 days, levels of prostaglandin E 2 metabolite (PGEM) increased, though not significantly, 234 with increasing ARA levels in the diet (Fig. 2) . Levels of PGEM continued to increase after 30 235 days in both groups supplemented with ARA, with significant differences (P<0.05) observed 236 between both supplemented groups and the control group. In addition, PGEM levels in control 237 oysters were significantly lower (P<0.05) at both 15 and 30 days, as compared to the beginning 238 of the experiment. A significant correlation (R 2 = 0.67, P < 0.01) between PGEM and ARA 239 concentrations in total lipids (combining lipid reserves and phospholipids) in whole oysters was 240 observed after 30 days (Fig. 3) . 241 242
Lipid peroxidation and antioxidant capacity. 243
ARA supplementation at different doses and times (Table 2) . Similar results were obtained with 245 the more common method measuring TBARS (results not shown). The total antioxidant radical 246 scavenging capacity (TARSC), inferred from the DPPH inhibition percentage, was not 247 influenced by the time of conditioning, but there was a significant increase of the TARSC for 248 the oysters supplemented with the highest dose of ARA (0.41 µg/mL) at day 15 after 249 conditioning, although this effect was no longer observed after 30 days. 250
The antioxidant capacity was also inferred from the activity of the antioxidant enzymes, SOD 251 and catalase (Table 2 ). The catalase activity was not influenced by ARA supplementation, as no 252 effect of ARA dose and time of conditioning was observed ( Table 2 ). The SOD activity was not 253 influenced by ARA concentration; however, a significant increase with time of conditioning was 254 observed for the control group (Table 2) . 255 fatty acids, present study) was observed even in control oysters not fed dissolved ARA. 274
Therefore, the incorporation of ARA into membrane phospholipids of gills could be associated 275 with a tissue-specific function. In other aquatic organisms, ARA is selectively incorporated 276
(reaching up to 20-30% of total fatty acids) in gill phospholipids of fish (German and Hu, 1990 ; 277 Na/K-ATPase activity during osmoregulation (Van Anholt et al., 2004) . 279
Oyster fed ARA decreased their levels of n-3 PUFA in tissues. The reduction of n-3 was mainly 280 attributable to docosahexaenoic acid (DHA) (22:6n-3), while the proportion of eicosapentaenoic 281 acid (EPA) (20:5n-3) remained relatively constant. In contrast, EPA was the main n-3 FA to 282 decrease when given diets rich in n-6 to fish (Bell et al., 1992; 1993) oxidase system but independent of eicosanoid production was observed in human and rat 338 leucocytes (Pompéia et al., 2003) . Such direct effects of ARA on oyster hemocyte functions 339 deserve to be explored by using COX and LOX inhibitors on hemocytes collected from oysters 340 fed different levels of ARA. 341
As mentioned before, the effect of ARA supplementation on hemocyte activities was observed 342 on ROS production after 4 weeks; it can be hypothesized that lipid peroxidation of ARA 343 generated free radicals which in turn leads to superoxide anion production. Peroxidation and 344 autoxidation of PUFA are general mechanisms for ROS production (Peck, 1994b) . PUFA in 345 membranes are more prone to lipotoxicity producing structural changes that may lead to cell 346 damage (Gonzalez-Flecha et al., 1992), decreased membrane fluidity, oxidation of thiol groups 347 of enzymes in the membranes, and liberation of breakdown products which produce damage 348 elsewhere (Peck, 1994a) . By supplementing high quantities of ARA in the oyster's diet, we 349 expected to increase the quantity of double bonds, and thus the unsaturation (PUI) and 350 peroxidation indices (Table 1) that the antioxidant capacity of whole tissue of mussels is higher in polluted sites. Moreover, 374 antioxidant status is of critical significance in determining the effects of PUFA on immune and 375 inflammatory responses (Kelley et al., 2001 ). In the present study, no significant differences in 376 catalase or SOD activities in relation to ARA supplementation were observed, suggesting the 377 general antioxidant enzyme pathway was not activated. Only a temporary but significant 378 increase of antioxidant capacity in terms of percent inhibition of DPPH was found after 15 days 379 of ARA enrichment at 0.41 µg.mL 
